ABSTRACT: Introduction: With a view to simplifying surgical techniques for selective laryngeal reinnervation, we addressed the question of whether it is feasible to receive additional innervation by a partially denervated muscle using an infrahyoid muscle model. Methods: In 90 rats (6 groups of 15), phrenic nerve transfer was used to reinnervate the sternothyroid muscle. In some cases, residual innervation by the original nerve was present. Three months later we performed electromyographic studies, contraction strength measurements, histologic assessment, and retrograde labeling. Results: Muscles reinnervated by the phrenic nerve had a greater "dual-response" rate (in terms of nerve latency, contraction strength, and retrograde labeling) than muscles in the control groups. Discussion: The phrenic nerve can impart its inspiratory properties to an initially denervated strap muscle-even when residual innervation is present. The preservation of contractile potential confirmed the feasibility of dual innervation in a previously injured muscle.
The larynx is a composite organ that serves at least 4 functions: breathing; airway protection; phonation; and coughing. These functions require muscle activation through a complex nerve supply provided by the superior and inferior laryngeal nerves. 1 The latter can be affected by various benign, malignant, traumatic, or iatrogenic laryngeal disorders. Although surgical repair of the superior laryngeal nerves (which are mainly responsible for laryngeal sensitivity) is relatively well known, this is not the case for the inferior laryngeal nerves involved in motility of the larynx because of the plexiform distribution of axons in the nerve trunk. 2, 3 Our inability to reliably reinnervate the larynx is currently the main obstacle to fully functional larynx transplantation. 4, 5 With a view to treating laryngeal paralysis, extensive research has been carried out in humans and animals over the last century. The main challenge in this context is to reinnervate the larynx's only abductor muscle (the posterior cricoarytenoid, PCA) so that this muscle can open the vocal cords that otherwise remain closed after nerve damage. Three main reinnervation methods have been described: neurorrhaphy (also referred to as nerve-nerve anastomosis) 6, 7 ; neuromuscular pedicle implantation 8, 9 ; and neurotization, with direct implantation of a nerve into a denervated muscle. 10, 11 Selective reinnervation 12 has been shown to provide satisfactory results. 13 In humans, the phrenic nerve (which is activated during inspiration) can be used to reinnervate the PCA after total denervation or antagonistic reinnervation. [14] [15] [16] However, this technique is based on a complex series of neurorraphies that can be difficult to perform and time-consuming. 17 We wondered whether it was possible to simplify this approach. Instead of using complex neurorrhaphies, we hypothesized that the PCA could be directly neurotized by implantation of the phrenic nerve. However, when the PCA has been denervated by injury to the inferior laryngeal nerve, it usually receives a degree of reinnervation from other nerves in the vicinity. 18 Hence, the fundamental question is whether PCA can receive a second innervation (in addition to any residual innervation) and, if so, whether the muscle's functional characteristics are modified. In other words, can a denervated muscle accept an additional innervation from a different nerve and, moreover, adopt the firing characteristics of the new nerve supply? This has been a controversial topic as, in the past, it was stated that an innervated muscle could not receive additional innervation. 19 Conversely, other research suggests that additional innervation is possible under some circumstances. 18, [20] [21] [22] According to Guth, an injured muscle can be reinnervated by both the original nerve and a foreign nerve. 23 In the rat, Aoyama et al. showed that, when the adductor muscles of the larynx were denervated and reinnervated by their original nerve, implantation of a neuromuscular pedicle of the ansa cervicalis limited the atrophy of the laryngeal muscles and increased the number of nerve endings and neuromuscular plates. 9 Hence, with a view to establishing whether dual innervation was possible, we developed an easy-toassess rat model of sternothyroid (ST) muscle denervation and reinnervation by the phrenic nerve in the presence or absence of residual innervation by the original nerve (the ansa cervicalis, a branch of the hypoglossal nerve).
METHODS
Animals. Experiments were performed in the experimental surgery laboratory of the Faculty of Medicine, Rouen University, Rouen, France (university license for animal use: B76-450-05; license for surgery: 76-A-21), after the protocol had been approved by the regional Animal Care and Use Committee, Rouen, France (reference: N/02-03-11/08/ 03-14). Ninety Wistar rats (300 g) were used (Charles River, L'Arbresle, France), with individual rats identified by implantation of a radio-frequency identification tag (Glass Tag; Biolog-ID, Bernay, France). These were equally divided into 6 groups (Fig. 1) .
Surgery. The animals were anesthetized with intraperitoneal injections of ketamine hydrochloride (12.5 mg/kg) and chlorpromazine hydrochloride (0.625 mg/kg). Surgical procedures were performed under spontaneous ventilation. The main surgical stages were median cervical incision, salivary gland release, identification of the right ST muscle, and identification of innervations (especially the ansa cervicalis, which originates from branches of the hypoglossal nerve and the deep cervical plexus) using a nerve stimulator (Vari-stim III; Medtronic, Dublin, Ireland) set to 1 mA.
After the ansa cervicalis had been lesioned, the right phrenic nerve was dissected. The most distal part of the nerve was then sectioned. The nerve was then transferred to the right ST muscle and fixed with 10.0 sutures (Ethicon, Somerville, New Jersey) and reconstituted fibrin glue (Tissucol 2.0; Baxter, Vienna, Austria). The ends of the microwire sutures were not cut too short, so that they could be located more easily in subsequent examinations. In an earlier feasibility study, we sacrificed the right phrenic nerve in 5 rats and found no breathing difficulty in any of them (unpublished data).
Evaluation. Evaluations were performed 3 months after surgery. Each group of 15 rats was divided into 2 subgroups, depending on the type of evaluation. All tests other than retrograde labeling were performed in 10 rats from each group. Retrograde labeling was performed in 5 additional rats from each group. The evaluations were performed under general anesthesia, using the protocol just described. The dose of anesthetic did not prevent the animals from breathing spontaneously.
Electromyography. Each rat was placed on its back. A median cervical incision was made to expose the right ST muscle and its innervation. Tracheostomy was performed with a wedgeshaped, 8-mm-diameter urinary catheter.
Needle Electromyography. ST muscle activity was recorded with a monopolar needle electrode (38 mm × 0.45 mm; Ambu, Gouda, The Netherlands) during spontaneous ventilation and during dyspnea (i.e., simulating effort, induced by occluding the tracheostomy tube for 10-15 seconds). The signal was displayed on an electromyography (EMG) machine (Keypoint; Dantec Dynamics, Skovlunde, Denmark). The EMG activity of the right ST muscle was scored as follows 24, 25 : 0 = no inspiratory activity; 1 = limited inspiratory or Nerve Conduction Studies. The ansa cervicalis and the grafted phrenic nerve were stimulated directly with a doublehook electrode (using a square wave with a duration of 0.1 ms, a supramaximal amplitude of 0.8 mA, and a frequency of 1 HZ). The compound muscle action potential of the ST muscle was recorded and its latency was measured. The distance between the electrode and muscle was 3 mm. EMG assessment of nerve conduction was not possible in the groups of rats with denervated muscles because there is no usable nerve in such cases.
Measurement of Strength of Isotonic Contraction. After EMG measurements were completed, the right thyroid cartilage (in the upper part of the ST) was isolated and harvested. Care was taken to avoid damaging the ST muscle and its innervation. The cartilage was then fixed to the force transducer (Metripak, 514 S/N OS; Gould, Longjumeau, France) at the same inclination angle as in the preliminary experiment.
Animals were attached to a board to isolate movement of the ST muscle. The ansa cervicalis and the phrenic nerve were stimulated via a double-hook electrode connected to a data acquisition system (Powerlab 26T; ADInstruments, Oxford, UK), with a tetanus current duration of 0.05 ms, a (supramaximal) intensity of 1 mA, and a frequency of 80 HZ. The strength of isotonic contraction was recorded using the system's acquisition software (LabChart Pro Upgrade V7; ADInstruments) and expressed in grams.
As with the EMG assessment of nerve conduction, this test could not be performed in the groups of rats with denervated muscles because there is no usable nerve in these cases.
Morphometric Analysis of Nerve Axons. All histologic assessments were performed in a study-blind manner. Given that the distal regions of the ansa cervicalis and the phrenic nerve are potentially subject to Wallerian degeneration, 26 the nerve myelination state was assessed. Approximately 0.2 cm of the distal ansa cervicalis and 0.4 cm of the distal phrenic nerve were removed and placed in a fixing solution (Hydrosafe; Labonord, Villeneuve d'Ascq, France) for 24 hours. Next, the samples were bathed in 4% paraformaldehyde (PFA) at room temperature, dehydrated, and embedded in paraffin. Subsequently, 5-μm transverse nerve sections were prepared and analyzed after staining with hematoxylin-eosin-Saffron reagent.
Identification of Endplates. After the aforementioned tests had been performed, the right ST muscle was removed from the anesthetized rats, immediately fixed in an isopentane bath (Fisher Scientific, Waltham, Massachusetts), and frozen in liquid nitrogen. After inclusion in Tissue-Tek compound (CellPath, Newtown, UK), samples were cut into sections (10-μm thickness) on a cryostat (HM 525; Microm Walldorf, Germany). The sections were pretreated with Triton (1:1,000) for 10 minutes, rinsed with 1 × phosphate-buffered saline (PBS) for 10 minutes, soaked with α-bungarotoxin (1:200; B-13422; Invitrogen, Carlsbad, California) for 90 minutes at room temperature, rinsed with 1 × PBS for 10 minutes and, finally, mounted in VectaShield medium (Vector Laboratories, Burlingame, California). Analysis was performed with a fluorescence microscope (Axioscope, Zeiss, Oberkochen, Germany).
Retrograde Labeling of Innervations of ST Muscle. Using a Hamilton syringe, a 10 ± 3 μl (a concentration of 1 mg of Dil in 630 μl of methanol) aliquot of fluorochrome labeling solution (Dil; Sigma, Buchs, Switzerland), was injected into the right ST muscle in 5 animals per group, under general anesthesia. Rinsing with saline prevented diffusion of the fluorochrome to the adjacent muscles.
Samples were prepared 12 days later. Briefly, anesthetized rats were transcardially perfused with saline solution at room temperature, 4% paraformaldehyde at 30 C, and then 4% paraformaldehyde at 4 C. Spinal cord segments were collected and postfixed in 4% paraformaldehyde at 4 C for 24 hours. After soaking in 10% and then 30% sucrose at 4 C, the spinal cord was included in Tissue-Tek compound and cut into 20-μm transverse sections in the cryostat. Two regions of interest were investigated: (i) the upper spinal cord (C1-C2), to locate motor neurons nuclei that give rise to the ansa cervicalis nerve innervating the ST muscle 27 ; and (ii) the C3-C4-C5 area, to locate motor neurons nuclei of the phrenic nerve 28 that are potentially able to grow into the right ST muscle. The slides were analyzed by fluorescence microscopy using a Cy3 filter. Positive staining was visualized in the corresponding spinal cord areas.
Statistics. Prism software (GraphPad Software, La Jolla, California) was used for statistical assessment. All data are reported as mean ± standard error of the mean (SEM). The unpaired, non-parametric Mann-Whitney U-test was used for pairwise comparisons of groups and non-parametric Wilcoxon's test was used to compare measurements recorded at the ansa cervicalis and phrenic nerves. Fisher's exact test was used to compare percentages. The threshold for statistical significance was set at P < 0.05.
RESULTS
A mortality rate of 1.11% (1 of 90) was observed 3 months after surgery. One rat in group 1 died during anesthesia just before the 3-month evaluation. This rat was replaced by another.
Needle Electromyography.
At Rest. During spontaneous breathing, no inspiratory signals were observed in rats in the control groups (groups 1 and 2). These groups had very low EMG scores.
All ST muscles with phrenic nerve implantation (except those in group 5) demonstrated significant spontaneous inspiratory activity (Fig. 2) . Furthermore, the resting score in group 1 was not significantly greater than that in group 4 (see Fig. S1 in the Supplementary Material available online).
Forced Inspiration. In all animals, the ST muscle displayed inspiratory activity during dyspnea. There were no significant intergroup differences in the EMG scores in this context (see Fig. S2 online) .
Nerve Conduction Electromyography. The measured nerve latencies (see Table S1 online) were used to calculate the nerve conduction velocities (v = d/t). After total denervation, 50% of the animals in group 2 displayed spontaneous reinnervation. We observed a "dual response" when nerve latencies were recorded after stimulating the ansa or the phrenic nerve in the same animal. The proportions of animals with a dual response in each group were then compared (Fig. 3A) .
Other than in Group 4, the proportion of animals with a dual response was higher in groups with phrenic nerve implantation than in groups without phrenic nerve implantation.
Measurement of Strength of Isotonic Contraction. In group 2, half of the rats with an inspiratory EMG signal after spontaneous reinnervation of right ST muscle had quantifiable functional activity (see Table S2 online). We compared the proportion of animals with a dual muscle contraction response (i.e., muscle contraction produced by stimulating the ansa cervicalis or the phrenic nerve) in each group (Fig. 3B) .
Based on muscle strength measurements, the proportion of animals with a dual response was generally lower than that based on the measurement of EMG latencies. Other than in Group 4, the proportion of animals with a dual response was higher in groups with phrenic nerve implantation than in groups without phrenic nerve implantation.
Next, we compared strength measurements in the various groups. The strength of muscle contraction provoked by stimulation of the phrenic nerve in FIGURE 2. Comparison of EMG scores at rest. The EMG activity of the ST muscle during spontaneous ventilation was recorded with a monopolar needle electrode. An EMG score was defined for each animal and averaged for each group. All ST muscles with phrenic nerve implantation demonstrated significant, spontaneous inspiratory activity, except for those in group 5. Data are presented as mean ± SD. Statistical evaluation was based on Mann-Whitney U-test (*P < 0.05, **P < 0.01, ***P < 0.001).
FIGURE 3. The proportion of rats in each group with a response obtained by stimulating the ansa cervicalis nerve or the phrenic nerve, measured in terms of nerve conduction latencies (A) and isotonic contractions (B). The proportion of rats with a dual response was significantly higher in groups in which the ST muscle had been denervated before implantation of the phrenic nerve than in the nonimplanted groups. Fisher's exact test was used to compare pairs of groups (*P < 0.05; **P < 0.01; ***P < 0.001). group 3 was not significantly different from the value provoked by stimulation via the ansa cervicalis nerve in the sham group. This was also the case when comparing groups 5 and 6 with the sham group (see Fig. S3 online) .
Histologic Analyses.
Axon and Muscle Analyses. In each group, we confirmed the neural nature of the white filamentary structures identified macroscopically as nerve regrowth. The nerves were covered with a myelin sheath (Fig. 4) .
In the study as a whole, only 2 rats (1 in group 2 and 1 in group 5) showed ST muscle atrophy (Fig. S4 online) . In each group, fluorescent labeling was located at the muscle endplate (Fig. 5) .
Retrograde Labeling of ST Muscle Innervation. Fluorescent staining of motor neurons in both the C1-C2 and C3-C5 regions was observed for the right anterior spinal cord (Fig. 6 ) and (in some cases) on the left side in groups with implantation of the phrenic nerve. Also, in each group, we noted and compared the proportion of animals in which fluorescent staining was present in both the C1-C2 and C3-C5 regions (containing the nuclei of the ansa cervicalis and the phrenic nerve, respectively). Groups in which the ST muscle had initially been denervated before implantation of the phrenic nerve showed significantly greater "dual fluorescent response" rates than the non-implanted groups (Table 1) .
DISCUSSION
Our results demonstrate that a partially denervated muscle can indeed accept an additional innervation as well as maintain innervation by the native nerve. In our model, an extrinsic laryngeal muscle (ST) was able to receive an inspiratory trigger from the phrenic nerve (thus mimicking the behavior of the diaphragm) even when the ST had recovered its original innervation. As an extrinsic laryngeal muscle, the ST muscle was well suited to the present work. It is a paired muscle with a single innervation in most cases. 29, 30 Moreover, the ST muscle only contracts during forced inspiration. These characteristics allowed us to use this model to mimic a rat model of PCA muscle that would have been more difficult to achieve and evaluate. The phrenic nerve is crucial because it is the only cervical nerve able to provoke contraction during inspiration and relaxation during expiration. The properties of the phrenic nerve may enable recovery of function when it is implanted into denervated intrinsic laryngeal muscles, such as the PCA, 7, 10, 11, [31] [32] [33] [34] with no major impact on the diaphragm muscle. [35] [36] [37] According to the EMG results, inspiratory activity at rest was observed in the right ST muscle when the latter was reinnervated by the phrenic nerve, except in groups 4 and 5, where the differences were not statistically significant (small sample size in this assessment: n = 5). Hence, the phrenic nerve is able to provide its inspiratory signal to the muscle that it supplies. 24, 38 Once the ST muscle has been activated (during forced inspiration), the inspiratory signals provided by the ansa cervicalis and the phrenic nerve do not differ significantly and the functional properties of the ST muscle do not differ markedly; there was no loss of contraction potential. After muscle denervation, neighboring nerves show spontaneous axonal regeneration. 18, 23, 39, 40 The endplates of the denervated muscle are colonized by adjacent nerve branches. This is why we were able to detect an EMG signal in many ST muscles initially denervated and muscle atrophy was observed in only 1 rat.
The dual responses in various tests further validate the dual innervation of the right ST. Our study has demonstrated that, 2 months after denervation, it is possible to neurotize the right ST muscle by creating a dual innervation with the phrenic nerve. This additional reinnervation can be obtained after recovery of the original innervation. In other words, a muscle can receive additional innervation when the previous nerve supply has been damaged. 20, 21, 23 Furthermore, dual neurotization of the ST muscle is possible after resection-anastomosis of the original innervation or when the phrenic nerve is implanted immediately after denervation. The functional properties of the ST muscle did not differ markedly when innervated by the ansa cervicalis or by the newly implanted phrenic nerve; there was no loss of contraction potential. The simultaneous presence of fluorescent staining in both the C1-C2 and C3-C5 regions of the anterior horn of the spinal cord showed that 2 distinct groups of motor neurons innervate the ST muscle. Taking into account the surgical procedures and spinal sites, we conclude that the nerve supply of the ST originated from both the ansa cervicalis nerve and the implanted phrenic nerve. In a few animals, we observed fluorescent staining of the left anterior horn; this demonstrated the existence of cross-innervation of the ST muscle in the rat. In group 4, the proportion of animals with fluorescent staining of neurons at both C1-C2 and C3-C5 was moderately (but not significantly) higher than in the control groups. This was suggestive of dual innervation from a histologic standpoint, although a small proportion of animals in Group 4 showed a dual response in EMG and muscle strength measurements. A plausible reason for this is that, although the implanted phrenic nerve developed many connections with the healthy ST muscle, they were poorly functional. This is reminiscent of the subclinical reinnervation observed in hyperneurotization. 21, 23 In his 1917 work on neurotization, Elsberg stated that a healthy, normally innervated muscle cannot accept an additional innervation. 20 This idea was also endorsed by other researchers. 19, 21, 23 Our results in group 4 confirm this hypothesis. The mechanisms that prevent the functionality of an implanted foreign nerve in a healthy muscle have not yet been elucidated. Aitken suggested that there were "limiting factors," 18 whereas Radkte and Vogt mentioned "molecular inhibition." 41 In contrast to the situation observed for a healthy muscle, our present results confirm Aitken's assumption that reinnervation of a muscle by a neighboring nerve is possible when the muscle's original innervation has been damaged. 21 Elsberg found (without providing any electrophysiologic or histologic arguments) that neurotization of an initially denervated muscle was possible 8 weeks later via implantation of another nerve. 20 We have confirmed and refined this observation in our model by providing the missing electrophysiologic and histologic arguments.
More broadly, a number of dual-innervation techniques have been described in orthopedic practice. However, these techniques do not feature hyperneurotization because 2 distinct nerves are grafted onto 2 different muscles. 42 Moreover, Iwakura et al. compared single end-to-side nerve anastomosis with double anastomosis in a model of tibialis anterior reinnervation. 43 In functional terms, there was no significant difference between simply and doubly grafted groups. They concluded that it was not necessary to graft 2 nerves because axon regeneration was no greater in this context. In our model, we sought to provide a missing function (the inspiratory signal of the phrenic nerve) to an initially denervated muscle, rather than to gain muscle power through dual innervation. Another human model of dual innervation was described by Biglioli et al. 44 in their study on rehabilitation of the facial muscles after peripheral paralysis. The use of a free flap of the gracilis muscle with dual innervation by the masseter nerve and the contralateral facial nerve provided encouraging results, although the number of cases (n = 4) was small.
Last, the concept of double innervation is known 21, 23, 44, 45 but has rarely been applied to muscle repair in general and repair of the laryngeal region in particular. In a model based on the L4-L5 nerve roots in rats, Guth found that the reinnervated muscle was less functional than a control muscle. 23 Likewise, the Aoyama et al. model of reinnervation of the thyroarytenoid muscle by its original nerve and the neuromuscular pedicle of the ansa cervicalis showed only the limitation of atrophy, rather than a return to the muscle's original functional level. 9 Dual innervation in our model was not associated with a loss of contraction potential. The originally innervated muscle and the doubly innervated ST did not differ significantly in terms of the strength of muscle contraction.
In conclusion, dual innervation of a previously injured muscle is possible: a muscle can indeed accept an additional, non-physiologic innervation from another nerve. Our model could provide support for a number of surgical applications for the functional reinnervation of a denervated larynx. Inspiratory contraction of the PCA (the abductor of the larynx) may be enabled by implantation of phrenic nerve soon after the denervation-even if some residual or regenerated innervation is present. This approach may contribute to the armamentarium of functional laryngeal reinnervation techniques and could also be used in other parts of the body such as the face.
